ABSTRACT: Brominated diphenyl ethers were measured in air, snow and sea ice throughout western Antarctica between 2001 and 2007. BDEs in Antarctic air were predominantly associated with aerosols and were low compared to remote regions of the northern hemisphere, except in Marguerite Bay following the fire at Rothera research station in Sept. 2001, indicating that this event was a local source of BDE209 to the Antarctic environment. Aerosol BDE47/100 reflects a mixture of commercial pentaBDE products; however, BDE99/100 is suggestive of photodegradation of BDE99 during long range atmospheric transport (LRAT) in the austral summer. BDEs in snow were lower than predicted based on snow scavenging of aerosols indicating that atmospheric deposition events may be episodic. BDE47, -99, and -100 significantly declined in Antarctic sea ice between 2001 and 2007; however, BDE209 did not decline in Antarctic sea ice over the same time period. Significant losses of BDE99 and -100 from sea ice were recorded over a 19 day period in spring 2001 demonstrating that seasonal ice processes result in the preferential loss of some BDEs. BDE47/100 and BDE99/100 in sea ice samples reflect commercial pentaBDE products, suggesting that photodegradation of BDE99 is minimal during LRAT in the austral winter.
INTRODUCTION
Long-range atmospheric transport (LRAT) is an important process leading to widespread distribution of pollutants in remote polar regions and metrics of the LRAT potential of pollutants facilitate the development and implementation international treaties to restrict or ban the use of chemicals that may threaten wildlife and humans in remote regions. 1 Numerous studies on the global distribution of persistent organic pollutants [2] [3] [4] [5] [6] [7] [8] support the mechanistic understanding developed by Wania and Mackay 9,10 of the movement of relatively volatile chemicals throughout the global environment along with cold trapping of more volatile compounds at high latitudes. However, more recently, several studies have pointed out the potential importance of aerosol-mediated LRAT for compounds such as brominated diphenyl ethers (BDEs), in particular, decabromodiphenyl ether (BDE209). [11] [12] [13] [14] These studies have highlighted the need for improved understanding of the fate and transport of aerosolassociated organic contaminants in the global environment.
In 2001 we found BDEs associated with ice algae, phytoplankton, and krill (Euphausia superba) along the western Antarctic Peninsula, 15 and BDEs have also been found in Antarctic fish and penguins, 16, 17 moss and lichens, 18 and in sediments and benthic organisms in the vicinity of McMurdo research station in Antarctica. 19 This latter paper indicated that local inputs from research activities may be an important source of BDEs to the Antarctic marine environment. In contrast, Yogui and Sericano found no difference in BDE concentrations in lichens and moss close to and distant from research facilities and suggested LRAT as the source of BDEs to King George Island, Antarctica. 18 Given the absence of human population in remote regions of Antarctica, the presence of BDEs in these areas would likewise be indicative of LRAT. Here we present data on the widespread distribution of BDEs in the Antarctic cryosphere and evaluate local versus long-range atmospheric sources of BDEs in Antarctica with special emphasis on the mechanism of LRAT of BDEs in the southern hemisphere. Snow and sea ice were collected as described elsewhere, 15 and sample meltwater volumes ranged from 40.5 to 147 L (Tables S2 and S3 ). Sample and field blank filter composites were Soxhlet extracted for 24 h each with acetone and dichloromethane after the addition of PCB204 as a surrogate standard, processed as described elsewhere, 15 and then analyzed for
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BDEs by GC/NCI-MS as described above. Recoveries of the surrogate standard from the snow/ice filter composites averaged 103±26%.
RESULTS AND DISCUSSION
Aerosol BDEs. In samples from Palmer Station the BDE contents of both filters and PUF plugs were analyzed, but for most samples the amount found in the PUF plugs was below the method detection limit. The only BDE to be detected in the PUF plugs was BDE47 and only in approximately a third of the samples. Thus, BDEs in Antarctic air were predominantly associated with aerosol particles and averaged (±standard deviation The local source of BDE 209 was reflected in the lack of a significant correlation (p ≥ 0.14) between it and the other BDE congeners associated with aerosol particles. In contrast, BDEs -47, -99, and -100, the primary components of the commercial pentaBDE formulations 27 were significantly correlated ( Figure 3 ) and provide insights into the sources and fate of BDEs during atmospheric transport to Antarctica. The average ratio of BDE47/100 (± standard error) in the Antarctic aerosol samples (3.6(±0.3); Figure 3 ) falls in between ratios measured in the commercial pentaBDE formulations (DE-71 = 2.92; Bromkal 70-5DE = 5.47), 27 whereas the average ratio of BDE99/100 (2.45(±0.41); Figure 3 ) falls below ratios measured in the commercial pentaBDE formulations (DE-71 = 3.71; Bromkal 70-5DE = 5.37). 27 The photodegradation half-lives for the pentaBDE components decrease as follows: BDE100 > BDE47 > BDE99 indicating that BDE99 is the most photolabile of these three BDE congeners. 28, 29 Therefore, the low level of BDE99/100 associated with the aerosol particles likely indicates that BDE99 is photodegraded during LRAT from source regions during the austral spring and summer when the air samples were collected. In Alert, Canada, the average ratio of BDE 99/100 was 5.4(±1.4) and 47/99 1.1(±0.26) (giving a ratio of 47/100 of ~5.9).
14 The lower ratios in the Antarctic compared to the Arctic may reflect that although Alert is located at a higher latitude (82°N) it is closer to a large land mass with emission sources. Of the 4 BDE congeners included in this study, only BDE47 was measured above the MDL in the gas phase and only in ~1/3 of the samples collected at Palmer Station during summer 2002 that had previously been analyzed for organochlorine pesticides. 20 Because of the low detection frequency of BDE47 and lack of gas-phase data on the three other analytes calculations of gas-aerosol partitioning based on our data is not meaningful, but calculations based on partitioning characteristics measured for BDEs 30 to be in the gas phase in Antarctic air, compared to ≤20% of BDE99 and -100. However, owing to a strong dependence of partitioning on temperature, at average winter air temperatures (~ -10°C) 85% of BDE47 and >96% of BDE99 and -100 are predicted to be aerosol associated. Consequently, during the polar winter, BDEs will be predominantly associated with aerosol particles in Antarctic air, and aerosol scavenging and deposition will control the accumulation of BDEs in the Antarctic cryosphere.
Snow Scavenging. BDEs were analyzed in a limited number of snow samples (n = 4 from Palmer Station, 2002; n = 1 from the Ross Sea in 2007) and were below the MDL in several cases (Table S2 ). The average measured snow concentrations were compared to particlebound BDE concentrations in snow predicted with two different methods (C p,snow , pg/L; Figure 4) (Figure 4 ). On the other hand, using the average W p for PCB 32 for the predictions (Figure 4 ), indicates that show scavenging of BDEs in Antarctic either may be significantly less efficient than snow scavenging of PCB in northern temperate regions (paired t-test, p = 0.03), or that the snow events are much longer. Most aerosols are rapidly scavenged during snow events, why prolonged snow fall will lead to an apparent dilution of the contaminant concentrations in the snow. shortly thereafter. 36 However, in spite of the decreased use of pentaBDE formulations the air concentrations in the Arctic continued to increase through 2005.
14,37
Figure 5. Particle-associated BDE concentrations in Antarctic sea ice (mean ± standard error).
An alternative explanation for the concentration decline of BDE47, -99, and-100 in the Antarctic sea ice is preferential degradation or leaching from particles during sea ice formation and percolation of brine. BDEs associated with airborne particulates become incorporated into sea ice by snow scavenging and the formation of snow ice, ice formed when snow is infiltrated by water and refreezes. 38 In late winter (July-Aug.) 2001, 15% of the sea ice in Marguerite Bay was composed of snow ice and 95% of the sea ice was above the percolation threshold indicating that it was permeable to brine transport. 38 The continued formation of snow ice during spring and summer due to the infiltration of deep snow with seawater and refreezing likely adds aerosol BDEs to the sea ice; however, repeated percolation of sea ice with brine may simultaneously leach the more soluble BDEs.
Sea ice sampling for BDEs in Marguerite Bay began in late Sept. 2001 and was conducted over a period of 19 days during which time BDE99 and -100 significantly declined, and BDE209 significantly increased ( Figure 6 ). Sea ice was sampled by first removing overlying snow and then collecting and compositing ~1-m ice cores. Moreover, given that BDE209 concentrations in Marguerite Bay sea ice were not significantly different from those measured in sea ice in the Amundsen and Ross Seas ( Figure 5 ) the observed trend in BDE209 in Marguerite Bay sea ice is likely not due to increased inputs following the fire at Rothera. Rather, the increase in BDE209 in Marguerite Bay sea ice throughout the sampling period likely illustrates the continued incorporation of aerosols into sea ice throughout spring due to continued snow ice formation. In contrast to BDE209, the significant declines in BDE99 and -100 in Marguerite Bay sea ice ( Figure 6 ) suggest that removal processes dominated for these congeners during the spring sampling period. BDE100 is the most soluble of the BDE congeners studied; 39 therefore, loss of this congener from sea ice may have been due to leaching in excess of BDE100 added by new snow ice formation. Although it is less soluble, 39 BDE99 declined more rapidly in sea ice compared to BDE100 ( Figure 6 ). The more rapid loss of BDE99 suggests an additional removal process was operational, which may have been photodegradation in the snow pack such that the input of BDE99 via snow ice formation was low compared to the other BDEs. Finally, no significant change (p = 0.8) in BDE47 concentrations was found in the Marguerite Bay sea ice samples, indicating that over the 19 day sampling period BDE47 was at steady state with the rate of input from the formation of new snow ice matching rate of loss of BDE47 from sea ice. As most of the PUF plug samples did not yield any detectable concentrations of the BDEs, further explanation of the observed differences between the tetrabrominated BDE47 and the pentabrominated BDEs -99 and -100 will have to wait until relevant data become available. Finally, although BDE99 declined more rapidly in Marguerite Bay sea ice compared to BDE100, the ratio of BDE99/100 remained more or less constant (i.e., the relative degradation rates were similar), and similar to known ratios for the commercial pentaBDE formulations 27 suggesting that photodegradation of BDE99 was minimal during LRAT and deposition during the Antarctic winter when the sea ice and overlying snow accumulate, and when sunlight is at a minimum. Likewise, BDEs -47, -99, and -100 were significantly correlated in sea ice collected in 2007 ( Figure 7 ). Again, both BDE47/100 and BDE99/100 fall in between values measured for the commercial pentaBDE formulations 27 suggesting that unlike aerosol particles collected in summer, there is little if any photodegradation of BDEs during poleward atmospheric transport and deposition in the austral winter.
LRAT of BDEs to Antarctica. The widespread distribution of BDEs in the cryosphere of remote Antarctic regions can only be explained by LRAT, and is further supported by the measurement of these compounds in Antarctic air. Moreover, the emerging picture from these data is that BDEs are atmospherically transported to Antarctica along with aerosols with little fractionation or degradation, particularly during winter. The observation that BDE47, -99, and -100 in Antarctic mosses and lichens reflect commercial pentaBDE formulations, 18 supports this picture. However, this scenario differs from expectations based on the theory of global distillation, whereby more volatile components (e.g., BDE47) are predicted to be transported greater distances than less volatile components (e.g., BDE99 and -100) resulting in fractionation of the original source mixture, which becomes enriched in the more volatile components in condensed phases of remote polar regions. 9, 10 This lack of conformation with cold condensation theory may result from a combination of the climate and geography of the southern hemisphere, and the physical-chemical properties of BDEs. In the southern hemisphere, the dominant air mass movements include transport toward the equator at the Earth's surface from 30°S constituting the southeast trade winds, and poleward transport of air along with strong westerlies between 30°S and 60°S. 40 In winter, the mean air temperature ranges from 15°C at 30°S and rapidly declines to <0°C at 60°S ( Figure S1 ). At these air temperatures, 99.9% of BDE209 is predicted to be associated with aerosol particles in the atmosphere. 12 Therefore, BDE209 must originate and undergo LRAT to Antarctica entirely associated with aerosol particles in the austral winter. The range of latitudes from which aerosol BDEs deposited to Antarctica originate can be further narrowed using an upper estimate of the residence time for aerosols in the troposphere of 12 days. 41 Twelve day air mass back trajectories from the ice sampling locations during winter ( Figure S2 ) 42, 43 demonstrate that the air parcels that transport BDEs to Antarctica in winter remain south of 40°S where the upper limit for the mean winter air temperature is 10.5°C. At this air temperature, 60% of BDE47 and 88-89% of BDE99 and -100 are predicted to be associated with aerosol particles. 30 Consequently, the major components of the commercial pentaBDE formulation will also undergo LRAT to Antarctica in association with aerosol particles in winter. Tables S1-S3 with data on concentration of particle bound BDEs in air and Figures S1 and S2 of winter air temperature and air mass back trajectories. This material is available free of charge via the Internet at http://pubs.acs.org.
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